Both these reactions are chain processes for which the net branching factor <j) is inversely proportional to the induction period. By applying this relation to the experimental results described in Parts V and VI, it is shown that ignition only occurs when the net branching factor attains a value determined by the sum of two quantities, one proportional to the thermal capacity and the other proportional to the thermal conductivity. It is pointed out that this ignition condition cannot be accounted for by any isothermal theory of ignition, but that it may readily be deduced from a thermal theory in which explosion is visualized as occurring only when the initial reaction rate, in a favourable volume element, is large enough to ensure that a critical temperature Te is reached in a critical time tc.
The existence of critical pressure limits of sensitizer and reactants bounding an explosion region, and of induction periods preceding both slow reaction and ignition, in the catalysis of the combustion of hydrogen by traces of nitrogen peroxide and nitrosyl chloride which is described in detail in the two previous papers, is unmistakable evidence of the chain character of these reactions. Hinshelwood and Williamson (1934) and later von Elbe and Lewis (1937) have given theoretical treatments of the first of these reactions, based on the results of Thompson and Hinshelwood (1929) . In these treatments, reaction schemes are developed which, in the notation used in this paper, give the branching factor (j) in terms of the experi mental variables, such as temperature and concentration of reactants and sensitizer. Self-neutralization of the centres is neglected, and the concen tration of centres, n, is supposed to increase with time t, when 0 is positive, according to the equation where 6 is the rate of production of centres in primary processes, whereas when 0 is negative, n approaches a steady value of 0/0 as The boundary between ignition and slow reaction, i.e. the dependence of the upper and lower limits on the other parameters, is obtained by equating the expression for 0 to zero. Since these experiments of Thompson and Hinshelwood however, Norrish and Griffiths (1933) and Foord and Norrish (1935) discovered the light sensitivity and induction periods of this reaction, and on the basis of their results propounded a chain-thermal theory of explosion, in contrast to the chain-isothermal theories of Hinshelwood and his co-workers. To include these data von Elbe and Lewis later, (1939) , modified the details of their earlier reaction mechanism, but retained the isothermal condition of explosion. This theory was claimed to furnish ' a complete description of the experimental d a ta '.
There are several reasons why this claim may not be admitted. First, in conceding th at the sudden increase in pressure which occurs a t the end of the induction period of the slow reaction is due to the local failure of isothermal conditions in the centre of the vessel, they imply th a t a similar state of affairs precedes ignition, and hence th at the explosion does take place isothermally. This point had already been made by Foord and Norrish (1935, p. 211) . Secondly, in order to explain Foord and Norrish's observation th at the induction period at the lower limit is shorter than at the upper limit the authors are compelled to make the artificial assumption th at the true lower limit is lower than the experimental one, a tacit admission th at a positive value of 0 governs the ignition a t this point. Thirdly, as pointed out in the present paper, the effect of an increase in pressure of reactants or of addition of foriegn non-reactant gases which would be predicted by their theory is in conflict with the facts described in P art V.
According to the theory of branching chain reactions, a discernible re action rate is only attained when n reaches a critical value nc, i.e. after an induction period r given by Variations in the logarithmic term of this equation will not be im portant in determining the value of r when 0 has finite positive values, and hence an increasing induction period may be taken as diagnostic of a decreasing < J). This fact is the basis of a general test of all isothermal theories of explosion. In the particular case of the H 2-0 2-N 02 system, Thompson and Hinshelwood have shown, and we have confirmed, th a t a t pressures above 300 mm. the upper limit decreases and the lower limit increases, i.e. the explosion region shrinks, as the total pressure of reactants increases. According to " iso therm al" theories, (j) a t constant concentration of nitrogen peroxide corre spondingly decreases from positive values in the explosion region through zero a t the explosion boundary to negative values in the region of slow reaction. The induction period (r) a t constant concentration of nitrogen peroxide ought therefore to increase with pressure of reactants. Actually, both in this system and in the H 2-0 2-N0Cl system the induction periods decrease with total pressure to almost constant values. This discrepancy will be found in all isothermal theories which define the explosion boundary as the locus of all compositions for which is zero.
Since a t any given sensitizer concentration the explosion is confined between upper and lower pressure limits, and the induction period is much greater a t the lower than the upper pressure limit, it follows th a t ^ at each of these bounding pressures must be different, being higher a t the upper limit and vice versa. Now any chain theory of ignition, thermal or isothermal, assumes th at ^ has positive values within the explosion region, and hence since there is slow reaction above the upper total pressure limit we are faced with the corollary th a t slow reaction can occur when (J) has positive values, but th a t for explosion to occur, < j > must attain a finite positive value which increases with total pressure.
Foord and Norrish, who, for different reasons than those given here, had already arrived at the conclusion th at (j) was positive in the H 2-0 2-N 02 system, pointed out th a t this might be so, if the reaction centres can re combine at a rate proportional to the square of their instantaneous con centration. Under isothermal conditions, the number of centres is then restricted to an equilibrium value ne given by tudy of sensitized explosions 423 28 (3) and their growth with time given by~
where 8 is the velocity constant of the self-neutralization process. The end of the induction period both for slow reaction and ignition is marked by a slight temporary pressure increase, which since the formation of water from its elements involves a pressure decrease, must be attributed to a rise in temperature caused by the exothermicity of the reaction. Foord and Norrish visualized explosion as occurring when the evolution of heat associated with this equilibrium concentration of centres, and of which the temporary pressure increase is a manifestation, occurs in a favourable volume element at a rate exceeding the rate of removal by conduction. If S and 6 are constant this means th at before explosion can ensue, (f) must attain a certain critical value dependent on the thermal conductivity of the system. The present paper deals with a refinement of this idea and with its applica tion to both the H 2-0 2-N 02 and H 2-0 2-N0Cl systems. Schemes of reaction kinetics for both systems are suggested, which give Q and (J) in terms of the experimental variables, and which are in accord with the experimental data. 
General significance of the experimental results
Since the effect of self neutralization of the centres on their development with time is not im portant until high concentrations, greater than nc, are reached, the equation (2) is still valid and an increasing induction period may still be taken to imply a decreasing (f> and vice versa. Applying this method to the experimental data given in Parts V and VI the following conclusions may be summarized:
(1) From the variation of the induction period with sensitizer concentraction (Part V, figure 4, and P a rt VI, figure 1), ^ is clearly a quadratic function of the sensitizer concentration s. A function of the type
where A , B and D are arbitrary constants, would give the required depend ence of r on sf or both systems. This function is plotted in figure 1 (6). (2) Since tv > tl (Part V, figure 4, and P art VI, figure 1), it is clear th a t for both systems (j)L > < $ > v . This conclusion is also consistent with the observed higher reaction velocities in the neighbourhood of the lower limit as com pared with those just above the upper limit.
(3) At constant sensitizer concentration the induction period for both these systems, when plotted against reactant (2H2 + 0 2) pressure, lies on a smooth curve convex to both axes and apparently asymptotic to lines drawn close and parallel to both axes (see P art V, figure 3, and P art VI, figure 4). At low pressures (j) clearly has very small values, but increases with pressure to a value which is independent of pressure. The equation
would satisfy these requirements ,and the curve of < p against p of figure 1 (a) has been obtained by assigning arbitrary values to the constants of this equation. For the purposes of figure 1 and hence also equations (5) and (6) the expression <f> = 5 x 10 2 00,5+ p
has been used, where p and s are respectively the pressures in mm. of reactants and nitrogen peroxide, and the numerical constants are reasonably selected in view of the results and the known velocity constants of certain of the chain processes at 600° abs. A similar expression would apply to the nitrosyl chloride case, but this has not been evaluated.
The value of 0 which must be attained before explosion can take place increases with pressure. I t will be shown later th at if < j > c is this critical value of the net branching factor then
where B' is usually the more important term and is proportional to the thermal conductivity of the system, whilst the coefficient depends on the thermal capacity of the system.
(5) Irradiation with wave-lengths adequate to dissociate N 0 2 = NO + O and NO Cl = NO + Cl has no effect on the limits of ignition in either case. As the condition for ignition, whether the thermal or isothermal theory be adopted, is not altered by irradiation it must be concluded th a t neither is $ altered. When nitrosyl chloride is used as a sensitizer the induction periods are unaltered by irradiation, and hence 6 is also unaltered. On the other hand, when nitrogen peroxide is used, the induction periods were found by Foord and Norrish to be shortened by light capable of liberating an oxygen atom from the sensitizer, this shortening being the greater the more intense the incident light. It can only be concluded th at in this case 6 is greatly increased by irradiation.
(6) Rise of temperature affects both reactions in the same way, causing the induction periods to be shortened, and the upper limit ( ) to be raised, loge Pv being approximately proportional to the reciprocal of the absolute temperature (see Part V, figure 6, and P art VI, figure 5 ). This may be inter preted by assuming the constants A and B of equation (5) to be exponen tially dependent on temperature in the same manner as velocity constants.
(7) In a given vessel at constant temperature the induction periods of H 2-0 2-N 02 mixtures of constant composition are raised by sufficient of any added gas, being very markedly affected by methane in this respect (see P art V, figure 8 ). At the same temperature in the same vessel, A, He, N 2 and C 02 and 0 2 in excess of the stoichiometric proportion, lower the induction period of mixtures of H 2-0 2-N0Cl of constant composition, whilst methane has the same effect on both systems (see P art VI, figure 2). Clearly (j> is lowered by non-reactant gases in the N 0 2 sensitized reactions under the same conditions th at it is raised in the NO Cl sensitized reaction. The ultimate quantitative effect of these gases on the explosibility of the two systems, as measured by the quenching pressures, is, however, substantially the same (see p. 404 of Part V and footnote, p. 415, of P a rt VI). This fact indicates that in each case the critical value of < j > which must be attained for explosion to occur is altered to the same extent in each system, and th at the alteration in (j> c is much' larger than the change in < fi.
(8) The fact that the slow reaction of given H 2-0 2-N0Cl mixtures is retarded by inert gases although the induction period is shortened (see table 1, P art VI), is clear evidence th at the steady reaction rate does not depend on (j> alone, and receives ready interpretation if it is conceded th a t centres may recombine in three-body collisions.
The results summarized in table 5 of P a rt V show th a t the effect of decreasing vessel diameter is to decrease and increase PL. The induction periods a t these limits do not show any progressive variation with vessel diameter over the range 5-30 mm. and hence the explosion condition is the same. The dependence of Pv and PL on of surface deactivation as it affects (j> . This point of view fact th a t the induction period of mixtures of constant composition is always increased by decreasing the vessel diameter or by coating the surface with KC1. If G of equation (6) is a function of the surface condition and pro portional to 1 / d2 the observed results can be accounted for. The effect of surface has not been so closely examined in the NO Cl catalysed reaction, but from the fact th a t inert gases shorten the induction period, i.e. raise < j), a surface deactivation term must clearly be included i the expression for (p. These facts must be accommodated by any comprehensive theory of reaction kinetics and the ignition conditions in these two systems.
The chain-thermal theory
The ignition condition. I t has been argued (p. 423) th a t in the H 2-0 2-N 02 system, the self-neutralization of the centres must be considered. This argument was based on the contrast between the observed dependence of the induction period on total pressure and concentration of nitrogen peroxide, and the effect of pressure on the ignition limits; and will therefore also be valid for the H 2-0 2-N0Cl system where similar phenomena are encountered. In both cases, as soon as the induction period is over, the reaction will proceed a t a rate proportional to ne being defined by equation (3) and 8i s a quantity which to a first approximation is propor tional to [M] , the sum of the concentrations of all the molecules present. Since 8 is the velocity constant of a ternary collision process it will be small and 486 can probably be neglected in comparison with < p2. The potential equilibrium reaction rate (<w e) at the end of the induction period will be given by the simplified expression
where 8' = [M]Jc' and k is the velocity constant of the propagation reaction.
Now both of these sensitized reactions are exothermic (57,000 cal./gmol. of water formed), and as they develop their temperature will rise, but also reactants will be consumed. Rise of temperature is known to cause < p to increase; and consumption of reactants may cause < f > either to decrease continuously (in the region of the lower limit), or to decrease only after an initial increase (in the region of the upper limit). Depending on the magni tude of the initial rate, the precise dependence of < f) on temperature and mixture composition, and the thermal capacity and conductivity of the system, so will the temperature either rise very rapidly (both and d2T/dt2 being positive) to a high maximum value, most of the reactants being consumed before this temperature maximum is attained, 'or rise slowly (dT/dt positive but d2T / d t 2 negative) to a low maximu a fraction of the reactants being consumed. The physical conditions remaining constant, there will thus be a minimum initial reaction velocity which will ensure the first state of affairs. Owing to the concentration gradients of reaction, centres within the reaction vessel, which are imposed by the deactivating influence of the wall, this critical reaction velocity will be attained most easily in the elements of volume lying a t the centre of the reaction vessel. When this velocity is attained, neighbouring less favourable volume elements will be heated to ignition, which will therefore spread throughout the whole vessel.
If Cv is the thermal capacity, assumed constant, of the most favourable volume element at unit pressure, Ki s a cons thermal conductivity of the gaseous medium round it, T0 the initial tem perature, T the temperature after time t, and Q the heat liberated for every gram molecule of water formed, then where N is Avogadro's number and < p = < /> 0f i ( T ) f 2(t), f^T ) expressing the temperature dependence of < /> and f 2(t) the time dependence. Even if these functions/j and f 2 were precisely known, which they are not, equation could not be integrated analytically.* I t is known, however, th a t increases * Numerical integration of this equation, after selecting the f u n c t i o n s T) and appropriate to the particular explosion under consideration, has already been carried out by several authors. Thus Rice, Allen and Campbell (1935), and later Rice and Campbell (1939) , assinning an exponential increase with temperature and an exponen tial decay with time of the non-chain but explosive decomposition of ethyl azide in the presence and absence of diethyl ether, have obtained the first part of a family of curves similar to that described here. Appin, Chariton and Todes (1936), assuming almost identical functions to Rice et al. for the decomposition of methyl nitrate, have also calculated T/t and percentage decomposition/time curves which are in accord with the qualitative ideas described here. In both these cases, however, the induction periods are very short, of the same order of magnitude as the time of admittance of the reactants to the reaction vessel. It is questionable therefore whether a theory, the basic Q_p±o_ N8' [M] fcfi {T)h(t)dt = pCvd fractional amount of combustion after a certain time. This family would be split into two groups, the transition from one group to the other occurring continuously, but very rapidly, over a very small range of values of < fi0. In one group the maximum temperature is high, is positive and this corresponds to explosively rapid luminescent reaction in which most of the reactants are consumed. In the other the maximum temperature is only slightly above T0, d 2 T j d t 2 is never positive, and this correspo premise of which is that the gases are initially at a uniform temperature and pressure, can be applied to these reactions in which there is scarcely time for hydrodynamic and thermal equilibrium to be attained before an appreciable amount of reaction has occurred. This criticism clearly does not apply to the application of this theory to the H 2-0 2-N 02 and H2-0 2-N0Cl systems, which are characterized by long induction periods during which no pressure change occurs.
non-luminescent reaction. In both cases a temperature rise does occur, which will be evidenced by an increase of pressure such as is found to mark the end of the induction period. The bounding conditions for the two types of curve may be visualized as the attainm ent by the volume element of a critical temperature in a short critical time tc during the first " b u rst" of reaction, whils may still be regarded as
( o e . Mathematically
The increase in temperature of the volume element during the short time t c is probably almost linear, and hence we may write
For ignition to occur in this system (j) must exceed a value (f)c such th a t where A and B are constants. This is the condition for ignition which will be adopted.
(1) TheH 2-0 2-N 0 2system. Two reaction mechanisms have been advanced by Foord and Norrish (1935) and von Elbe and Lewis (1939), which give < f > in terms of the concentrations of reactants. The latter scheme was devised to account on an isothermal basis for the decrease of and the increase of PL with total pressure, and as already pointed out, automatically yields an expression for ^ in conflict with the observed trend of induction periods with pressure (see P art V, figure 3). I t may also be objected, on similar grounds, that since this theory is capable of predicting a correct order of effectiveness of foreign gases in lengthening the induction period (this order should be the same as the order of efficiency of these substances as third bodies in the association process and would be predicted as C 02 > N2 > A > He, sin these gases, when, as third bodies, they facilitate the recombination of iodine atoms (Rabinowitch and Wood 1936), bromine atoms (Rabinowitch 1934)) it automatically predicts the same order for the explosion-quenching efficiencies and is incorrect in th a t respect. Since, in addition, the experi mental relations for the effects of vessel diameter and surface condition on the explosion limits cannot readily be deduced from this scheme of reaction kinetics, it will be rejected.
^-m C . P + B K ) .
The scheme of Foord and Norrish on the other hand leads to an expression for (j) which when substituted in the explosion condition {(j> = < pc, < f > c being defined by equation (9)) satisfies, with one exception, all the facts sum marized in the preceding section. The exception is, th a t whereas the theory allows for a decrease of the induction periods as foreign non-reactant gases are added, in fact, the induction periods are lengthened (Part V, figure 8 ). This fact coupled with the variation of the induction period with total pressure (Part V, figure 3) indicates th a t (j) may be decreased in a specific manner by foreign gases, but may not be decreased by an increase in the pressure of reactants. This is possible if the fraction of the total number of centres which are sufficiently highly energized to effect dissociation of a molecule of nitrogen peroxide on collision and thus cause branching, is unaffected at high pressures by a change in the amount of reactants but is reduced by an increase in the pressure of foreign gas. This suggests th a t these " h o t" centres are occasionally formed by interaction of ordinary centres with molecules of one or other reactant in a highly exothermic process. Their rate of formation is thus proportional to the total pressure of the reactants. Such " h o t" centres may be deactivated and thus revert to normal centres by collision with any molecular species present. Their rate of removal is thus proportional to the total pressure of the system, including th a t of the foreign gas. Other factors remaining constant, ^ is proportional to the concentration of hot centres, and hence would be expected on these grounds to be decreased by foreign gases.
Introducing this concept into the mechanism of Foord and Norrish (1935) , we may distinguish two types of chain carrier: (1) ordinary centres X the concentration of which is denoted by n, which are capable of pro pagating chains and which are subject to removal by wall destruction and by nitrogen peroxide, and (2) 'h o t' centres Y described above, the concen tration of which is denoted by n* and which are occasionally produced by the exothermic reaction of a normal centre X with one of the reactants, and which revert to ordinary centres by collision with any molecule. When th at molecule is nitrogen peroxide they cause it to be disrupted into nitric oxide and an oxygen atom. I t must be emphasized th at the removal of a hot centre does not terminate a chain, as it always implies the production of a fresh centre.
It is generally agreed (Foord and Norrish 1935; von Elbe and Lewis 1939) th at chains are initiated by the reaction of hydrogen with oxygen atoms produced by the dissociation of N 0 2. There have also been sugges tions (Norrish and Griffiths 1933) A typical equilibrium mixture a t this temperature would be 76 mm. 0 2, 0-76 mm. N 0 2, and 0-24 mm. NO. Taking 5550 gmol. c.c.-1 sec.-1 as the velocity constant of the dissociation a t this temperature (deduced from the value 2*j2 7r(r%0tu e-EIRT, <rN02 being taken as 3*3 x 10-8 cm. and E 30,000 cal.), the time for the attainm ent of equilibrium of a mixture which contains initially 1-0 mm. N 0 2 is greater than 2500 sec. This is about one hundred times the order of magnitude of the induction periods under these conditions and hence the reaction N 0 + 0 2 = N 0 24-0 is an un im portant source of oxygen atoms. The reaction scheme now takes the form 
The H 2-0 2-N0Cl system. Numerous measurements of the velocity constant of the dissociation of nitrosyl chloride have been made but the most reliable are those of Waddington and Tolman (1935) amounts of nitrogen peroxide would be formed during the induction period, which, though small, would be large enough to be catalytically active. That nitrogen peroxide, so formed, is not the catalyst in this system is shown by the experimental observations (a) that ignition occurs in this system at lower temperatures than in the H 2-0 2-N 02 system, and (6) th at the induction period is unaffected by irradiation with light of wave-length and intensity sufficient to annihilate the induction periods in the H 2-0 2-N 02 system. Although nitrogen peroxide is excluded as a source of oxygen atoms, it is still possible to construct reaction schemes, in which the same centres are playing corresponding parts in the chain development of each system. Such schemes are however artificial, and demand the participation of inter mediates such as nitroxyl chloride (N 02C1) the individuality of which is by no means certain, and hence also of unknown equilibria such as 2N 02C 1^2 N 0 C l + 0 2 to define the concentration of such intermediates. If it is adm itted th a t chlorine atoms can give rise to reaction centres by the almost thermoneutral reaction Cl + H 2 = HC1 + H -700 cal.
then the principal criticisms which can be brought against these reaction schemes and which centre round the fact th a t the most likely effect of binary collisions involving one molecule of nitrosyl chloride, would from energy considerations, be the dissociation into nitric oxide and a chlorine atom, are avoided. We may construct the reaction scheme 
NOCla']fc£[H K s ' + KVh 2] -f i ' s ' -y ( i i )
where s' is the concentration of nitrosyl chloride. The effect of foreign non combustible gases in shortening the induction period shows th a t there is no need to assume th a t hot centres are formed, and as will be shown later there is good reason for this.
At first sight the fact th at irradiation with light 2000-7000 A has no effect on the induction period would appear to invalidate this mechanism, because it would be anticipated th a t by increasing the number of chlorine atoms by NOC1 + hv NO + C1 the term k[ and hence also 6 would be increased and the induction period shortened. In the H 2-0 2-N 02 system the thermal dissociation of nitrogen peroxide due to the high endothermicity of the reaction is a very rare occurrence, and consequently the photochemical reaction may be more frequent under the experimental conditions. Foord and Norrish suggest th a t Tcx photo /k1 thermal may have to be as large as 106 to produce the observed effect on the induction period. Now the therm al dissociation of nitrosyl chloride may be considered a t 368° C as approximately e 71,500-38,500/(.K x 691) = 10814 times as rapid as the thermal dissociation of nitrogen peroxide. Hence the photochemical dissociation of nitrosyl chloride would have to be very much faster than the photolysis of nitrogen peroxide under the same conditions. Actually the quantum yields of N 0 2 + Ap = N 0 + 0 , NOCl + Au = NO-t-Cl, are the same, and although the threshold wave-length for nitrosyl chloride (ca. 7600 A, Goodeve and Katz 1939) is much larger than for nitrogen peroxide (ca. 4360 A, Norrish 1929) yet the absorption coefficients appear to be lower over the frequency ranges for which measurements have been made for both of them (see Leermakers and Ramsperger 1932; Goodeve and Katz 1939; Holmes and Daniels 1934) . I t is therefore very likely th a t although light would cause a very large percentage increase in the rate of production of oxygen atoms from nitrogen peroxide, only a very slight percentage increase in the rate of production of chlorine atoms would be caused by irradiation of nitrosyl chloride. This would appear to dispose of the only criticism which can be brought against this mechanism, which will therefore be tentatively adopted.
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Application of the chain-thermal theory TO THE EXPERIMENTAL RESULTS
Comparison of the expressions for ^NOa (lb), ^N0C1 (H ) and < j > c (9) with equations (5), (6) and (7) shows th at the theory from which the former were deduced gives a satisfactory account of the experimental results sum marized in the latter. In the following paragraphs this theory will be shown to be satisfactory even with respect to details.
(1) Sensitizer concentration At constant total pressure and in the absence of foreign gases ^No2 and 0noci are dependent on sensitizer concentration in a similar way which is shown in figure 1. So are 0NOg and #NOC1. ^no2 and $no2 are substantially the same as was obtained by Foord and Norrish (1935) , and since these authors obtained the trend of induction periods with sensitizer concentra tion correctly, this theory will also be satisfactory. A similar trend would be predicted for the H 2-0 2-N0Cl system, and reference to P art VI, figure 1 will show th at it has been found.
Reference to figure 1 shows th a t a t constant temperature, decrease of alone ( sc onstant) would cause < fi to decrease continuously. For initial concentrations of sensitizer greater than th at necessary to give the maximum time t -> F ig u r e 3. The isothermal variation of (j) with time, i.e. f 2(t). Curve refers to initial concentrations of sensitizer in the region of the upper limit, and curve to initial concentrations of sensitizer in the region of the lower limit.
value of decrease of s alone (p constant) would cause < j) to increase to a maximum value before decreasing. Hence, the decrease of and s together, such as occurs during reaction, would lead to a time dependence of as shown in the curve (f)jj of figure 3. This is the state of affairs for reaction mixtures of composition in the neighbourhood of the upper limit. On the other hand, at the lower limit the decrease of p and s during reaction may be deduced from figure 1 as giving a time dependence (f2(t) of equation 8, p. 428) of the form without a maximum as given by curve < j)L of figure 3.
Because of this difference in f 2{t), in a system in which pCv and K are constant, the initial value of ({)L necessary to cause the volume element to generate the heat which brings the temperature to the critical value Tc in the short time tc and so ensure ignition, will be larger than the initial value of < f)v necessary for the same purpose. There are two consequences of this. First, tv should always exceed tl \ and from P art V, figure 4 and P a rt VI, figure 1 this is seen to be the case. Secondly, if the reaction rate is correctly given as (kp<f)/8, the rate of the slow reaction in the immediate vicinity of the lower limit should be greater than in the vicinity of the upper limit. This phenomenon has repeatedly been observed, but as its significance was not fully realized a t the time, unfortunately no measurements were made.
(2) Irradiation
The great difference in the responses made by these two systems to illumination has already been discussed. (10) and (11) shows th at the four quantities #no2> ^no2> $noci and 0 NOC1, are a^ proportional to p. Substitution in equation (2) shows th at the relation rp = constant should express the dependence of the induction period on pressure. The fact th a t the terms y and y' are inversely proportional to p, however, makes this relation the less valid the lower the pressure, and makes rccl/p n where n is always greater than unity, but decreases with pressure.
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(6) On the explosion boundary.
The ignition areas will be bounded by two curves, the equations for which are obtained by equating the values for < j > under these conditions to the value of < j> c given in equation (9) y and y are the probabilities th a t the centres will be removed a t the wall and are proportional to the diffusion coefficients of the centres through the particular gaseous mixture. Writing y = r /p and y' = P p , and allowing for the fact th at the thermal capacity increases with pressure, whereas the thermal conductivity of a mixture of constant composition may be taken as independent of pressure over the range covered by experiment, the equations of the ignition boundaries become 2a&3
J e tF
otN 0C 1 w i w v -p s ' -r 'l^A 'v + B '-
For convenience we may distinguish two special cases, and for brevity only one of the above equations will be developed, since these equations differ only in the magnitude of the constants and the same behaviour will be found in the H 2-0 2-N0Cl as in the H 2-0 2-N 02 system. (a) Low sensitizer concentrations, sand at all pressures § and the equation for the dependence of the lower limit ( on pressure (p) is
A Y -{ P i . (^-f i ) -y p + r = o,
and there are clearly two positive values of the pressure for certain low concentrations of sensitizer. If PL has values such th a t the coefficient of p is positive, the variation of PL with total pressure is of the form shown by that part of the curve lying between 130 and 700 mm. in P art V, figure 2.
(ft) High sensitizer concentration, s Pv and at low total pressures k2s > § k3p and the upper limit (Pv ) will be given by 2 cx,k3k5 3 k$k2 implying th at the upper limit falls off rapidly with decrease in total pressure, principally due to the reduction in (f> caused by increased loss of centres by diffusion to the wall, i.e. the P\p term. A t higher total pressures this term is small and almost constant, but neither k2s nor §&3p predominates over the other and
indicating a decrease of Pv with p. The upper limit should thus increase w ith p initially due to the fact th a t < fr is increasing with pressure more rapidly than (j)c. The lower limit decreases for the same reason. At higher pressures the loss of oxygen (or chlorine) atoms in (or counterbalances to some extent the production of centres in th a t reaction, and (f> , as is shown by the trend of the inductions period with pressure tends to a constant value. On the other hand, due to the increase of self-neutralization and increasing thermal capacity of the system, 0C continues to increase linearly with pres sure. The quantity 0 -0C passes through a maximum value and declines to zero, and causes the critical concentrations of sensitizer to converge a t high pressures. In the H 2-0 2-N 02 case the whole closed ignition region which was predicted was also obtained experimentally (Part V, figure 2). In the H 2-0 2-N0Cl case only the upper limits were studied, but they were found to conform to type. I t will be noticed from P art V, figure 1, and P art VI, figure 3, th a t the 'inversion pressure', i.e. the pressure at which Pu has its maximum value, is about 300 mm. when nitrogen peroxide is sensitizer, and about 150 mm. when nitrosyl chloride is used. This differ ence is readily interpreted when it is considered that, ceteris paribus, the larger k3 the smaller the value of this inversion pressure. Schumacher probably has a lower value. In other words and the inversion pressure should be smaller in the NO Cl sensitized reaction.
(4) The effect of temperature on the ignition limits As the initial temperature T0 rises there will be some change in the explosion condition, but the variation of (j) with temperature will be prin cipally responsible for the alteration of the explosion limits. Neglecting the variation of collision and diffusion rates with temperature the dependence of the limits on temperature will be given approximately by putting the left-hand sides of equations (10) and (11) fi', y ' will The rate of formation of hot centres in the nitrogen peroxide reaction will however be increased by temperature, and so will the branching reaction in the nitrosyl-chloride reaction. Let k5 = and a! = There is no simple relationship expressing the lowering of the lower limit with temperature but for low total pressures and high concentration of sensitizer we obtain by approximating as before
From Schumacher's data k j k z is known to be proportional to k'z/k'2 is probably less dependent on temperature; e~1000IRT would be deduced from the energies of the bonds which are involved*. indicates that E is about 15,000 cal. and E' about 12,000 cal. At high total pressures a linear relation between log and 1/T is not rigidly obeyed, nor can it be deduced from the expression (9), (10) and (11).
(5) The effect of surface
The discussion in this paragraph is confined to the nitrogen peroxide system. Bursian and Sorokin (1931) have shown that in cases of branching chain reactions with deactivation at the wall, coefficients of the type y may be set proportional to D j d2 over a wide range of conditions, where D is the diffusi coefficient of the centres through the gas and d is the vessel diameter.
The favourable volume element from which ignition spreads is of very small dimensions and it is unlikely that the heat transfer conditions will be affected by variation of the diameter over the experimental range of * refers to the exothermic reaction C1 + NOC1 = Cl2 + NO which probably proceeds at every collision. k'3 refers to Cl + H2 = HC1 + H reaction which, from the heats of dissociation of the H2 and HC1 molecules, 103*4 and 102*7 kcal. respectively, is endothermic to the extent of about 1000 cal.
diameters. In confirmation of this point of view is the fact th a t the in duction period a t the upper limit, which is an indirect measure of 0 a t the upper limit, does not show any progressive variation with diameter bu t has a value lying between 60 and 77 sec. for all diameters except one, between 8 and 30 mm., both in vessels which have been treated with potassium chloride and in vessels which have not been so treated. At constant total pressure therefore the effect of vessel diameter on the ignition limits will be given by Arbitrary values may be assigned to the constants in these equations such th at the full lines of P art V, figure 12 are obtained. The two equations appropriate to the limits in the vessels treated with KC1 may be obtained from the corresponding equations appropriate to vessels with normal surface, by multiplying the coefficients of 1/d2 in the latter by 1-87. An interpretation of this factor would be th a t the effect of coating the walls with potassium chloride is to increase the efficiency of the surface in adsorbing those centres which strike it, by 87 %. The effect of foreign gases Addition of a foreign gas alters both the critical value of which must be attained for ignition ((f> c) and the ability of the system to meet this condition, i.e. < f) itself.
(a) Induction periods.
The branching factor (j) will be affected through the alteration of the dif fusion coefficient and hence also of y and y '.A ll the gases will hinder the diffusion to the wall, but from the coefficients of self-diffusion it would be anticipated that C 02 and N2 would be more efficient than the inert gases.
(j> is thus increased, and if this were the only factor the induction periods would be shortened; carbon dioxide being very effective, nitrogen less so and the inert gases least. Such is the case with nitrosyl chloride as sensitizer, but in the nitrogen peroxide system this catalytic effect is opposed by the reduction in the stationary concentration of the hot centres by increase of the composite term &6 [ilf] , representing an increase in the gas deactivation. In vessels of large diameter where surface deactivation is of negligible magnitude over the ranges of pressure concerned, addition of foreign gases would be expected to lengthen the induction period. This is the case illus trated in P art V, figure 8, from which it is seen th a t for small amounts of added gas the efficiency in lengthening the induction period depends, as might have been expected, primarily on the atomicity of the gas. At higher pressures this order is disturbed by the influence of the y term. Under conditions where high surface deactivation obtains and only the reactants are present, < fi could pass through a maximum value as the foreign gas is added. This has been realized in the 7*0 mm. diameter vessel which had been rinsed with aqueous potassium chloride, where the induction periods of a given mixture pass through a minimum as the gas is added.
The expression for the temperature dependence of the upper limit in the presence of a fixed amount of inert gas may be deduced by the methods given as
Pu -
-( # + 6)kcal R T -' + 1Oge 2 ccjfikl m l M ' This equation implies th a t the addition of foreign gas merely causes the second term, which is independent of T to be reduced. Reference to P art V, figure 10, shows th at this has been verified for the case of addition of nitrogen.
(b) Slow reaction.
Although non-reactant foreign gases bring about a decrease in the induction period in the NO Cl system, the same gases also retard the slow nitrogen, and greater for nitrogen than for argon and helium, the two last named having the same effect.
(c) The gaseous thermal conductivity will be changed. Although this cannot be evaluated, it is probably true to say th at the addition of a gas of lower thermal conductivity than 2H2 + 0 2 mixtures will lower the thermal conductivity and vice versa. The values of the coefficients of thermal conductivity in kilo-erg cm .-2 sec.-1 (° C cm .-1) taken from the International Critical Tables are H 2, 15*9; 0 2, 2-33; He, 13-9; N2, 2*28; A, 1*58; C 02, 1'37.
Although the values refer to 273° K the correction for 650° K will not alter the order. The thermal conductivity of 2H2 + 0 2 mixtures at pressures where it is independent of pressure has been found by Wassiljewa (1904) to be about 10 units. To a first approximation therefore the conductivity of a 2H2 + 0 2 mixture may be said to be lowered by oxygen and nitrogen to an equal degree, argon and carbon dioxide being a little more effective in this respect, whereas helium will raise the thermal conductivity. < f)c will be affected accordingly.
If (j> c depended merely on the factors (a) and ( the quenching pressures would be expected to fall in the order C 02<^N2< A < H e .
If < j> c also depended on factor (c) it would be expected th a t the first three of these gases would still fall in this order, but th a t less helium would be required to quench ignition than this order indicates. The experimental order of C 02 He < N2 A is in excellent agreement with this point of view.
(7) The effect of methane Small quantities of methane cause a pronounced increase in the induction period in both these systems and it is clear th a t this gas affects the branching and development of the chains in a profoundly different manner from the other gases. As a combustible it would be anticipated th a t it would react very readily with the chain propagating particles. An example of such a chain-ending reaction in the H 2-0 2-N 02 system might be CH4 + 0 = CH2 + H 20 and in the H 2-0 2-N0Cl system F. S. Dainton and R. G. W. Norrish CH4 + C1 = CH3 + HC1.
The nature of the chain mechanism
In attem pting to assign chemical identity to normal centres X and hot centres Y we can make use of the fact th a t in the N 0 2-sensitized reaction the variation of the upper limit with temperature indicates th at an energy of activation of the order 15,000 cal. is to be associated with reaction for the production of hot centres by the reaction of an ordinary centre with a reactant. I t follows th a t if the hot centre is the only product of reaction k3, the sum of its heat of formation and 15,000 cal. m ust be a t least equal to the heat of dissociation of nitrogen peroxide, viz. 71*5 kcal. I t is further desirable th a t the hot centre should possess a sufficiently long life to be subject to deactivation by other molecules in the system. Both these requirements are satisfied by regarding the association com plex HOa when endowed with its energy of formation (ca. 54 kcal.) +15 kcal. as a hot centre, i.e. HO*; and H 0 2 without this energy as one of the ordinary centres. The H 0 2 complex is also inevitable in the NO Cl sensitized reaction, since it is the only possible product of the interaction of hydrogen atoms and oxygen molecules a t temperatures as low as 330° C.
In both reactions H 0 2 would be capable of propagating the chain by These reactions are merely suggested as providing a possible mechanism and no claim is advanced th at they are established by the present work.
Conclusion
The present work establishes the fact that the explosive combustion of hydrogen, sensitized by either nitrogen peroxide or nitrosyl chloride, is of the ' chain-thermal ' type, and it draws attention to the discrepancy between the chain-isothermal theory proposed by von Elbe and Lewis (1939) and the experimental results presented in Part V. I t is concluded that, owing to the influence of self-neutralization of the reaction centres, which has been shown to be operative, explosion does not occur when the branching just exceeds the deactivation, i.e. when the net branching factor < j) is positive, but only when the branching exceeds the deactivation by an amount equal to the sum of two quantities, one of which is proportional to the thermal capacity and the other proportional to the thermal conductivity, and both of which are proportional to the velocity constant of the self-neutralization process.
The net branching factor (j) may be defined in terms variables: concentration of reactants and of sensitizer, amount and nature of foreign gas, temperature, vessel diameter and surface condition; and may be regarded as a measure of the ability of the system to meet the con dition for ignition. The differences which are observed between the H 2-0 2-N0Cl and H 2-0 2-N 02 systems in respect of the effect of foreign gases and pressure of reactants may be explained if it is assumed th a t nitrogen peroxide starts chains by virtue of the oxygen atoms which it yields on dissociation, n o 2 = n o + o , whilst nitrosyl chloride starts chains by virtue of the chlorine atom it yields in N0C1 = NO + Cl.
Both these dissociations may be effected either thermally, photochemically or by collisions of a molecule of sensitizer with a highly energized centre.
